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We report density functional calculations on the energies and conformations of complex silica-based clusters,
after our analysis of the simpler clusters reported in part I. We report calculated structures, charge distributions,
and energies of the noncyclic four- and five-silicon chains, the branched trimer and tetramer rings, the double
trimer rings, the tetramer plus trimer rings, the five- and six-silicon rings; all calculations are at the local
density level of approximation. The total condensation energy (from the monomer) to form a silica cluster in
the gas phase depends essentially on its structure and size. Our results show that the stability of the noncyclic
clusters decreases with the degree of branching, as observed experimentally. This trend is observed for both
four-silicon and five-silicon clusters. As expected, the double ring clusters are quite unstable, which is especially
marked for the double trimer rings. Formation of triméetramer rings is energetically more favorable,
particularly for the edge-linked cluster. The four- and six-silicon rings are more stable than the corresponding
pentamer because of the relatively asymmetric arrangement of the latter.

1. Introduction internally to the most compact state with—-$)H groups
remaining on the outside.

Inductive effects play an important role in the chemistry of
silica in solution. The electron-withdrawing effect of the most
usual substituents attached to silicon increases in the order R,
OR, OH, and OSi, where R represents an alkyl group.
Consequently, in both hydrolysis and condensation reactions,
]electron-providing groups are replaced by electron-withdrawing
groups, increasing the acidity of the silanol groups.

The most stable protonated clusters should be the smallest
ones, owing to the smaller withdrawing effect of the OH groups.

As discussed in part | of this studyknowledge of the
structures, stabilities, and reactions of small silicate clusters is
of crucial importance in developing an understanding of the
molecular processes occurring in both -sgél synthesis of
ceramics and hydrothermal synthesis of microporous materials.
The inorganic polymerization occurring in silica-based-sol
gel processes results in the water and alcohol condensation o
the silanol groups formed during the hydrolysis, with formation
of successive linking disiloxane bonds, according to the reac-

tlons: Thus condensation should occur preferentially between neutral,
Si—OH 4+ OH—Si— Si—0—Si+ H.O larger clusters and protonated monomers or end groups on

2 chains. Because deprotonated species of the typ©SBi—
Si—OR+ OH—Si— Si—0O—Si + ROH O~ should be more stable than protonated structures, such as

HOSi—OH,", condensation occurs more quickly in basic than
in acid conditions. As discussed in the previous artlclater-

According to ller? the global polymerization process can be d alcohol ing denol ati I h
divided into three stages: (1) aggregation of small clusters to and aicohol-consuming depolymerizations are also much more

form sol particles; (2) growth of sol particles; (3) linking of important under basic conditions than under acid conditions.
particles into chains, then networks that eventually extend 1n€ particles formed by such condensation reactions act as
throughout the liquid medium, forming the gel. nuclei for further polymerization, which occurs by essentially
Unlike carbon-based polymers, where chains grow and cross-thr_ee_ Processes: (1) growth of p?‘rt'c'?s at the expense of S.'I'C'C
link by covalent branches or van der Waals interactions, highly @cid in solution; (2) an Ostwald Ripening Mechanism, in which
condensed clusters are formed in silicon-based polymers andMa!l particles, which are more soluble, dissolve and reprecipi-
particles with 500 nm size may be produced. Silicic acid tate on larger, less soluble, nuclei, so the particles in solution
has a strong tendency to form polymers with a. maximum of 9row in size and decrease in number. Differences in solubility
siloxane bonds and a minimum of-SDH groups? Thus, highly between particles decrease with size, as curvature effects become

condensed clusters, including ring structures, are formed during'€SS s!gﬂlflcan?. I(3) dAth low pH, Itl'hde S|I|ga particles fare_
the earliest stage of polymerization. These clusters continue toeﬁsgnna %neutra al? t USI can cok| e and aggregate forming
grow by further addition of monomers and by linking together, ¢Nains and eventually a gel network.

to form larger three-dimensional structures, which condense This article concentrates on the properties of intermediate and
larger silica clusters (following our study of smaller species in

t Royal Institution of Great Britain. part I), whose formation will play a crucial role in both sol
* University College London. gel and hydrothermal syntheses.
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1.1. Experimental StudiesAmong the most important work In this article we complete our DF results for allSj(OH),
published to date on silica-based clusters in general are theclusters with a maximum of five silicon atoms and two
studies of Kelts and Amstrorfgsing2°Si NMR spectroscopy, intramolecular condensations, plus the six-silicon ring and the
and of Klemperer et af;° using a combined protocol to separate cube containing eight silicons. DFT is particularly suitable for
and measure the clusters: quenching by diazomethane; fracthe study of such large clusters because the computer require-
tionation using spinning band column distillation; identification ments scale approximately B compared with approximately
by capillary gas chromatography and structural characterization N* for Hartree-Fock methods. We present the structure, the
using2°Si NMR. total condensation energy (from the monomer), and the charge

Klemperer identified the monomer, the dimer, the acyclic distribution for the more complex clusters. These studies provide
trimer, both acyclic tetramers, the cyclic tetramer, the branched the basis for a much better understanding of the chemistry of
cyclic tetramer, the linear and the branched acyclic pentamerssilica. When comparing the theoretical and experimental results,
and the cyclic pentamer; but the cyclic trimer, the branched two important factors should be considered: the terminal oxygen
cyclic trimer, and the acyclic pentamer cross were not observed.groups and the solvation environment. Although OH groups are
The acyclic linear clusters are clearly more probable than the easier to handle in theoretical studies, Q@Fbups are generally
branched ones. For the 4-Si, 5-Si, and 6-Si clusters, the ratioPresent in experimental segel studies because of the small
between linear and branched isomers was found experimentallyamounts of water used (water and the most commonly used
to be 0.2, 0.6, and 0.008, in acidic conditions (0.05 M HICI  silica alkoxides are immiscibBe Although experimental results
Under basic conditions the cluster distribution is much broader are obtained under liquid-state conditions, the theoretical results
than under acidic conditions. presented here were calculated in gas-phase conditions. A

Knight®® discussed the structures of the 16 so-called secondarySUmmary of some of the calculations presented here has been
building units (SBUS), the common structural subunits used until Presented in-a recent revie.Ab initio calculations to
1990 to classify the 64 topologically distinct zeolite networks |nvgst|gate thg influence of th.e alkoxide groups and the §0Ivat|9n
(the primary building units being single SO, tetrahedra). environment in the hydrolysis ar_1d Qondensatlon reactions will
Comparison of these with the 18 silicate anions determined by P& reported in subsequent publications.
29Si NMR in organic base silicate anions was used to question
the utility of the SBU theory. 2. Computational Details

A complete but older review of the structure of carbon-based
rings, with a maximum of 10 carbons, including bridging All calculations reported in this article were performed with
oxygens and odd-membered rings, was presented by Dunitz an(pm0| 2.1-96.0, an ab initio DF code from Molecular Simula-
Ibers!! The chair, crown, and S-shaped conformations are tions Inc?4 using a double numerical basis set with polarization
recognized as the most stable for 6, 8, and 10 carbon rings. Nofunctions, and the local density approximation (LDA) at the
equivalent work is known for silica- or silicon-based cyclic DF-BHL/DNP level of approximation, as discussed in the
structures. However, the structure and energetics of planar ringsPrevious papet.
in vitreous silica are reviewed by Galeer@r. The local exchange and correlation energies are calculated

1.2. Previous Theoretical StudiesSeveral studies have been ~ Seéparately, using the functional developed by von Barth and
reported previously in larger silica clusters. Among them are HedinZafter Hedin and Lundqvist,and reviewed by Moruzzi
the Hartree-Fock calculations of Hill and Sauérand Mora-  ©t al?” Details of Dmol implementation can be found in our
vetski et al14 which include the pentamer and hexamer rings Previous papérand in refs 24 and 28. All Dmol calculations
and large cages (prismatic hexamer, cubic octamer, hexagonal€Ported in this paper were carried out using a SCF tolerance
dodecamer, sodalite). Hill and Satieused the data thus ~Of 107 au for the electronic density, a gradient tolerance of
acquired to develop a molecular mechanics force field suitable 0-015 au for each coordinate, and a medium grid, as in the
to simulate larger zeolite structures. Self-consistent field (SCF) Previous paper. Full geometry optimization was carried out in
reaction energies, per mole of-SD bonds, were presented for aII_cases. No Basis _Set Superposmon Errors (BSSE) or zero-
the formation of 3-, 4-, 5- and 6-Si rings, respectively].1 point energy corrections were introduced.
kcal mol?, —3.6 kcal mot?l, —4.1 kcal mot?, and—4.1 kcal
mol~1. Moravetski et al* studied the effect of symmetry and 3. Results
degree of condensation in these clusters and calculaté83he
magnetic shielding constants to compare with NMR experi- The most relevant energetic and structural information
ments. Hydration effects were also analyzed. obtained from our calculations is now considered in detail. First,

Semiempirical calculations were reported by West éb&. we analyze the branched four- and five-silicon clusters and
for rings and chains containing 2, 3, 4, 5, and 6 silica tetrahedra. compare them with the linear clusters (discussed in the previous
The adsorption of a water molecule by a four-silicon ring was Papet) to discuss the effects of branching.
also analyzed. Lasaga and Gibb% also reported ab initio Next we analyze the branched rings, first the trimer and
calculations on silicate clusters to obtain potential surfaces for tetramer rings with a lateral chain containing one silicon atom
the Si—O bond in silicates. These potential surfaces form the and then the four trimer rings containing two silicons in lateral
basis for extracting the key parameters in various commonly chains, including (1) a single lateral chain with two silicons;
used potential functions. The geometry of the 5-Si cross, with (2) two lateral chains with one silicon each, attached to the same
hydroxyl groups replaced by hydrogens, was optimizedfpaPa  silicon in the ring; (3) two lateral chains with one silicon each,
et al.1° at the local density functional (DF) level of theory, using attached to different silicons in the ring, either in the same or
the Voska-Wilk —Nusair parameterization and the Perdew and in opposite sides of the ring.

Wang nonlocal corrections to evaluate the energies. Finally, We then discuss the double rings, containing a trintemer
molecular dynamics simulations of the silica condensation or tetramet-trimer structure. We start with the trimetrimer
reactions, forming large silica clusters, were reported by clusters, simple or with a lateral chain containing one silicon,
Garofalini and Martid® and Feuston and Garofalifii22 attached either in a central or in a outer position. The special
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TABLE 1: Bond Lengths (A) for Optimized Silica Clusters (O, = Bridging Oxygen; O; = Terminal Oxygen; O—H = Hydrogen
Bond)

Si—Oy Si-0y OH O—H
Q 1.64 0.99

— QL 1.65 1.63-1.66 0.98-1.00 191

A QL 1.63 1.62-1.68 0.98-1.02 1.63-1.65
A Q@ 1.65-1.66 1.62-1.66 0.98-1.00 1.93-1.99
N QRQk 1.64-1.66 1.62-1.67 0.98-1.03 1511.68
A QLQ? 1.63-1.66 1.62-1.67 0.98-1.02 1.63-2.02
A AR 1.61-1.67 1.62-1.66 0.98-1.01 1.85-2.20
S R 1.63-1.66 1.62-1.65 0.98-1.00 2.04

] Q? 1.64-1.65 1.62-1.66 0.98-1.03 1.611.62
N QRQ 1.62-1.66 1.61-1.67 0.98-1.02 1.66-1.68
A QL Q? 1.62-1.65 1.61-1.67 0.98-1.02 157-1.73
+ QL Q! 1.63-1.68 1.62-1.66 0.98-1.01 1.76-2.04
>/ QP QEQ! 1.63-1.66 1.63-1.65 0.98-1.00 1.94-2.02
< QRQLQ! 1.61-1.66 1.62-1.66 0.98-1.01 1.66

. QG QL 1.62-1.66 1.63-1.67 0.98-1.00 1.86-1.90
o Q2 QL 1.61-1.66 1.63-1.65 0.98-1.00 1.78-1.97
é RE QR 1.63-1.66 1.62-1.66 0.98-1.01 1.75-1.94
& QR Q! 1.61-1.66 1.62-1.66 0.98-1.01 172
<] QRQ 1.62-1.67 1.62-1.66 0.98-1.01 1.72-1.88
. Q! 1.61-1.66 1.62-1.66 0.98-1.03 1.62-1.65
[ QR 1.63-1.65 1.62-1.67 0.98-1.02 1.63-1.64
QRQEQk 1.62-1.66 1.63-1.65 0.98-1.00 1.81-1.82
O Q@ 1.62-1.66 1.62-1.66 0.98-1.02 1.64-1.84
O Q@ 1.64-1.65 1.63-1.66 0.98-1.04 1.56-1.60
= Q 1.63-1.64 1.63 0.98

trimer—trimer cluster where both rings are linked by a single that are bonded ton bridging oxygens. Different groups are
silicon atom is presented next, together with the two tetramer ordered according to the parametdfirst andm second; when
trimer clusters, bonded either by an edge or by corners. groups with equam have different chemical environments they
Finally, we analyze the larger clusters, the five- and six-silicon are explicitly separated (as i@ Q> Q? Q1). When this nota-
rings. We present first the lowest energy conformation and tion was insufficient we used, c, t for edge, corner, cis and
discuss the energetics for each cluster, before analyzing togethetrans specifications. Total and reactional energies, bond lengths
the structural details of each class of clusters. and bond angles, charge distribution and electric dipoles, for
All silica clusters discussed here are shown in Figures 1 all silica clusters, are summarized in Tables4l Bond lengths
through 7, including the most relevant energy, structure, and and bond angles are presented in Tables 1 and 2, whereas the
charge distribution information. As in part I, for each cluster charge distribution and the electric dipole moments are shown
there are three tables: one for bond lengths, another for bondin Table 3. The total energy and the condensation energy to
angles, and another for charges. The abbreviated notation usedorm each cluster from the monomer are given in Table 4.
in part | is used in all tables. We recall thaf @d Q denote  Calculated and corrected values (subtracting 3.3 kcat hymir
bridging and terminal oxygen, respectively. H-bond when G- H < 1.85 A, as discussed in ref 1), divided
Silica clusters are classified in this work according to the by the numben of condensation reactions to form the cluster
NMR notation,Qnm, wheren represents the number of silicons and the numbes of silicon atoms in the cluster are also given.
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TABLE 2: Bond Angles (degrees) for Optimized Silica Clusters (@ = Bridging Oxygen; O; = Terminal Oxygen)

Si—O-Si Q,—Si—Oy 0—Si—0, Si—OH
Q° 105.6-117.6 112.4
- Ql 118.4 110.7114.0 107.71135
A [o¥e5 138.4-144.2 113.2 1067112.6 111.3115.7
A Q 115.7-116.1 107.9-108.8 112.9114.4 106.6-114.8
N QL 121.7-128.0 108.5-109.7 106.8-112.5 104.7-118.0
A QlQ? 117.3-123.7 109.2-110.7 104.4-113.7 107.9-114.8
A LR 115.2-123.2 106.7111.0 1135115.2 106.5114.7
S [ofo3 112.8-127.2 107.2-110.1 106.6-109.0 112.5115.0
] Q@ 125.8-126.3 111.2-112.2 113.2-114.8 106.2-114.3
AN RQ 130.4-159.2 105.8-116.1 106.6-112.4 110.6-117.7
A AR 124.0-147.0 105.7109.7 106.6-111.8 108.9-124.8
+ Qg 119.8-122.8 110.5113.9 107.2111.2 110.9-113.2
>/ LR RQ 117.5-123.7 106.9-111.5 109.7114.4 107.3-114.0
< oo o 122.8-133.0 107.9-110.6 106.3-116.7 111.4118.1
> QL Q% 116.0-124.2 105.5-114.1 108.4110.3 107.8113.7
. QL Q% 115.5-130.1 105.3-111.5 106.7116.6 110.2-113.9
é ERRQ 113.3-127.5 105.9-111.7 108.5-110.1 109.+114.5
& AR 113.3-129.2 106.6-112.1 106.6-110.0 111.+114.6
< oo 114.7-122.8 105.4-109.2 111.6-115.3 105.2-115.6
ul ool 124.7-126.6 109.+112.5 108.6-115.9 106.2-115.1
> R Qe 125.9-148.2 106.6-130.4 104.5112.8 111.5115.1
LRk 126.6-140.9 106.6-117.6 108.6-114.3 111.5120.1
@) Q? 116.3-136.1 107.2-111.0 103.9-115.9 106.7115.0
O Q2 127.1-130.0 110.5112.3 113.6-114.9 106.4-115.3
O Q 136.3-138.0 110.+111.2 113.8113.9

3.1. Branching Effects: Branched Four- and Five-Silicon (discussed in the previous paper). This result is in agreement
Clusters. In this section we study the branched noncyclic with the experimental evidence, which shows that it is much
clusters, which contain four and five silicon atoms. Our results easier to form the linear than the branched tetrahttowever,
show that the branched clusters have higher energy than thebecause there are five apparently overestimated H-bonds in the
linear clusters, and should therefore be less stable, in agreementinear tetramer against only two in the branched tetramer, after
with experiment. applying the correction of 3.3 kcal mdlper H-bond, the energy

3.1.1. Branched Four-Silicon ClusteiThe structure and  becomes lower for the branched cluste2@.0 kcal mot?) than
charge distribution of the noncyclic four-silicon clusters are for the linear cluster£21.7 kcal mof?). Although the corrected
presented in Figure 1. The proposed conformation for the energies seem to be more reasonable, the effect of the correction
branched tetramer (above, in the figure) has four hydrogen is such that we cannot draw any reliable conclusion about the
bonds: two have a reasonable O- -H distance (1.80 and 2.02relative stability of the two clusters. At the LDA level of
A) but the other two are too short (1.632.64 A). The approximation, the charge separation is very similar in the linear
corresponding OH bond lengths seem also to be acceptable fo2.75 D) and in the branched (2.60 D) clusters.
the former two H-bonds (1.00 A) but slightly large in the latter 3.1.2. Branched Fie-Silicon Cluster.The structure and
two (1.01-1.02 A). Although the condensation energy for the charge distribution of the noncyclic five-silicon clusters are
branched tetramer is considerably negativ8@.6 kcal mot?), presented in Figure 2. The most stable conformation found for
it is less negative by 7.5 kcal ntdithan for the linear cluster  the branched five-silicon cluster (in the middle, Figure 2) has



3272 J. Phys. Chem. A, Vol. 103, No. 17, 1999 Pereira et al.

TABLE 3: Dipole (Dip.) Moment (Debye) and Hirshfeld Atomic Charges for Optimized Silica Clusters (Q, = Bridging Oxygen;
O; = Terminal Oxygen)

Dip. Si O O H
Q‘l’ 0.00 0.8660 —0.7620 0.5460
- Qg 1.09 0.4598 —0.2777 —0.2433,—-0.2935 0.1212, 0.1839
A\ Q; Qi 0.35 0.4648, 0.4733 —0.2685 —0.2195,—0.3005 0.0954, 0.1878
AN Qg 1.68 0.4731,0.4764 —0.2703,-0.2734 —0.2557,—0.2643 0.1253, 0.1877
N Qg Qg 2.75 0.4611, 0.4852 —0.2151,-0.2737 —0.2313,—-0.2907 0.1038, 0.1823
/K Qg Qi 2.60 0.4620, 0.4750 —0.2437,—0.2686 —0.2171,—-0.3003 0.0948, 0.1929
A Qg Qi Q} 1.93 0.4617, 0.4861 —0.2465,-0.2701 —0.2376,—0.2913 0.1224, 0.1900
e Qg Qg 2.82 0.4695, 0.4773 —0.2640,—0.2817 —0.2438,—0.2831 0.1304, 0.1869
] Qi 0.65 0.4818, 0.4851 —0.2655,-0.2699 —0.2440,—0.2648 0.1070, 0.1861
FAVAN Qg Qi 3.23 0.4579-0.4890 —0.2559,—-0.2734 —0.2120,—0.2930 0.0958, 0.1916
)\/ Q; Qf Qi 3.75 0.4541, 0.4956 —0.2583,-0.2795 —0.2184,—0.3043 0.0918, 0.1972
+ Q}1 Q‘l1 0.23 0.4571, 0.4856 —0.2609,-0.2628 —0.2212,—0.2905 0.1042, 0.1957
> QLR 1.78 0.4607, 0.4767 —0.2579,-0.2757 —0.2432,-0.2891 0.1253,0.1885
< Qg Q% Q‘l1 2.06 0.4588, 0.4920 —0.2517,-0.2698 —0.2115,—-0.2966 0.0982, 0.1908
i} QgQ%ch 1.28 0.4573,0.4781 —0.2493,-0.2678 —0.2337,-0.2914 0.1229, 0.1871
D— Qg Q% Q%t 2.52 0.4611, 0.4861 —0.2601,—0.2695 —0.2246,—0.2964 0.1129, 0.1956
é ofosforto) 2.51 0.4643, 0.4825 —0.2579,~0.2790 —0.2275,-0.2934 0.1052, 0.1878
& QP 3.36 0.4647, 0.4893 —0.2516,-0.2713 —0.2164,—0.2954 0.1017, 0.1956
><] Qf1 Q‘l1 3.84 0.4691, 0.4860 —0.2502,-0.2732 —0.2402,—0.2856 0.0997, 0.1919
E( Qg Qi Qi 1.88 0.4601, 0.4892 —0.2417,-0.2664 —0.2353,—-0.2898 0.1078, 0.1869
[ Qg Qg Qie 2.54 0.4615, 0.4869 —0.2644,-0.2737 —0.2451,—0.2990 0.0945, 0.1955
Qg Qg Qic 5.99 0.4617, 0.4838 —0.2567,—0.2743 —0.2312,-0.2888 0.1037, 0.1926
Q Qg 3.39 0.4629, 0.4893 —0.2504,-0.2786 —0.2061,—0.2824 0.1033, 0.1878
<:> Qg 0.82 0.4816, 0.4886 —0.2615,—0.2650 —0.2380,—0.2712 0.1064, 0.1841
@ Qg 0.06 0.4842, 0.4847 —0.2601,-0.2705 —0.2699,—-0.2707 0.1814, 0.1819
four hydrogen bonds, probably overestimated (O=H.64— 3.1.3. Pentamer Cros#n the pentamer cross (see Figure 2,

1.72 A), forming three secondary rings with 8 atoms each. The above), a central silicon is attached to four bridging oxygens,
condensation energy-@0.2 kcal mot?) is 3.4 kcal mot? less each one subsequently bonded to a terminal SigDidyming
favorable than for the linear chain, decreasing—®7.0 kcal a highly symmetric structure, which has an almost zero dipole
mol~1, when corrected for the hydrogen bonds (compared with moment, 0.23 D. The lowest energy conformation found for
—30.4 kcal mot? for the linear chain). The corrected energy is this cluster has four hydrogen bonds formed by terminal
probably a reasonable estimate, when compared with the valuesydroxyl groups, forming four secondary rings, plus two other
obtained for the previous clusters, particularly the noncyclic hydrogen bonds formed by bridging oxygens, forming four
ones. additional secondary rings. The cluster is therefore a good
The dipole moment of the branched pentamer is even larger precursor to produce the double branched three-silicon ring, by
(3.75 D) than in the five-silicon linear chain (discussed in the forming an intramolecular SiO—Si disiloxane bond. Three of
previous paper). However, the calculated dipole moments the hydrogen bonds have—M distances that are too short
(particularly for larger, less constrained, and therefore more (1.76-1.83 A), whereas the others are normal (O-=t2.04—
complex clusters) are probably not very reliable at this level of 2.14 A) or even weak (2.57 A).
approximation (LDA with a double basis set), as suggested by The condensation energy for the pentamer cross, although
the monomer and dimer studies discussed in part I. relatively large £32.0 kcal mot?), is still 8.2 kcal mot?
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TABLE 4: Total Energy (TE) for Each Optimized Silica Cluster (in Hartree), plus Calculated (CA) and Corrected (CO) Total
Condensation Energy to Form the Cluster from the Monomer (in kcal moi), Divided by the Number of Condensation
Reactions Required to Form the Cluster (n) or by the Number of Silicons in the Cluster ($)

TE CA(CO) CA(CO)h CA(CO)s
Q —589.89392 1Si
- QL ~1103.8924 ~9.4 (-2.8) ~9.4 (-2.8) ~4.7 (-1.4) 2 Si
A QlQ? ~1617.8905 ~185 (-11.9) -9.3(-6.0) —6.2 (-4.0) 3 Si
A Q2 —1541.9532 ~1.6 (-1.6) ~0.5 (-0.5) ~0.5 (~0.5)
N RQ! ~2131.9053 ~38.2(-21.7) ~12.7(7.2) ~9.5(-5.4) 4si
A oLQ? ~2131.8933 ~30.6 (-24.0) ~10.2 (-8.0) ~7.7 (-6.0)
A o oon ~2055.9436 ~6.0 (-6.0) ~1.5(-1.5) ~15(-1.5)
S RQ? ~1980.0136 +6.4 (+6.4) +1.3 (+1.3) +1.6 (+1.6)
0 oA ~2055.9751 ~25.7 (-12.5) —6.4 (-3.1) —6.4 (-3.1)
AA RQ! —2645.8975 —43.6 (-30.4) ~10.9 (-7.6) ~8.7 (-6.1) 5 Si
A QPR —2645.8921 —40.2 (-27.0) ~10.1 (-6.8) ~8.0 (-5.4)
+ Qg —2645.8790 ~32.0 (-22.1) ~8.0 (-5.5) —6.4 (—4.4)
>’ RRRQ —2569.9351 ~11.0 (-11.0) —22(-22) —22(-22)
[>< oo T —2569.9356 ~11.3 (-11.3) —-23(-2.3) ~23(-2.3)
. Q% —2569.9351 ~11.0 (-11.0) —-22(-2.2) —22(22)
D— oo gox: ~2569.9343 ~105(-7.2) ~2.1(-1.4) —2.1(-1.4)
é QPR ~2494.0106 —2.1(1.2) ~0.4 (-0.2) ~0.4(-0.2)
& o fogoske; —2494.0076 ~0.2 (+3.1) ~0.0 (+0.5) ~0.0 (+0.6)
<] @ —2494.0098 ~1.6 (+1.7) ~0.3(+0.3) ~0.3(4-0.3)
. ool —2569.9670 ~31.0 (-17.8) ~6.2 (-3.6) ~6.2 (~3.6)
[ QR Qe —2494.0289 ~13.6 (-7.0) -23(-1.2) —2.7(-1.4)
AR ~2494.0209 ~8.6 (-2.0) ~1.4(-0.3) ~1.7 (-0.4)
O Q2 ~2569.9577 ~25.2 (-18.5) ~5.0 (-3.7) ~5.0 (-3.7)
O o7 —3083.9788 —48.7 (-28.9) ~8.1(~4.8) ~8.1(-4.8) 6 Si
= Q —3808.2202 +4.1 (+4.1) +0.3 (+0.3) +0.5 (+0.5) 8 Si

a Corrected energies (after subtracting 3.3 kcalfthper H-bond with O--H< 1.85 A) are discussed in part I.

smaller than for the branched chain40.2 kcal mot?). Taking Mulliken charge in the central silicon is larget1.152) than
into account the three overestimated hydrogen bonds, thein the terminal Si atoms (0.988 to 1.064); the bridging oxygens
corrected energy is estimated-a&2.1 kcal mot?, smaller than have much smaller charges-@.557 to—0.625) than in the
the corrected energy—27.0 kcal mot?) for the branched terminal OH groups<0.723 to—0.845).
pentamer. Because the condensation energy for the branched 3.1.4. StructuresAs observed for other clusters (see previous
pentamer is, in turn, smaller than for the linear chain, it can be papet), the SO and G-H bond lengths vary considerably
concluded that, the cluster stability decreases with the degreewith the bonding characteristics of the hydroxyl groups,
of branching, at the LDA level of approximation, in agreement changing from 1.6+1.63 A and 1.06-1.02 A in acceptor
with the experimental evidence. groups (where the hydrogen forms a hydrogen bond, therefore
The pentamer cross is the only cluster studied in this work receiving charge) to 1.651.67 and 0.99 A in donor groups
where a silicon atom is bonded to four unconstrained bridging (where the oxygen forms an hydrogen bond, therefore donating
oxygens. It is therefore relevant to compare the ;Si@ntral charge). Hydroxyl groups participating simultaneously in two
atoms with those in terminal Si(Oklgroups and in Si(OH) different hydrogen bonds (where the hydrogen accepts charge,
The Hirshfeld charges are very similar in both cases. The whereas the oxygen donates it) tend to have intermediate bond
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St 4620-4750
Oy 2437-2686
Oy 2171-3003
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SiOH 107.9-114.8

St 4611-4852
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O 2313-2907
H 1038-1823

510y 1.64-1.66
Si0; 1.62-1.67
OH 0.98-1.03
O-H 1.51-1.68

Si083 121.7-128.0
OpSi0p 108.5-109.7
0:+Si0, 106.8-112.5
SiOH 104.7-118.0

Pereira et al.

Figure 1. Bond lengths (&), bond angles (degrees), and Hirshfeld atomic charges (0. and minus signal in O charges are omitted) for noncyclic
four-silicon clusters, optimized at the DF-BHL/DNP level of approximation. Total energy: -£2131.9053 Hacog Qf) andE = —2131.8933 Ha
(@ @) Dipole moment:x = 2.75 D Q3 Q3) andu = 2.60 D @5 Q).

lengths (1.66 and 1.01 A), which are slightly longer than in the branched rings, the trimer and tetramer rings containing a one-
terminal, unconstrained OH groups (1-6B64 A and 0.98 silicon lateral chain. Both clusters have a relatively negative
0.99 A). condensation reaction energy (from the monomer) and keep the
In the open, highly symmetric, pentamer cross, the central “chair’ and “crown” conformations previously found for the

Si—Op bonds are slightly shorter (1.63.64 A) than the non-branched rings.

terminal Si-Oy, bonds (1.641.68 A), which agrees with the
experimental and theoretical evidence that theGBbond length
tends to decrease in more bridged systems. TheOSbond

3.2.1. Branched Trimer RingThe structure and charge
distribution of the branched trimer and tetramer rings, are shown

length ina. quartz, for instance (1.60%8), is smaller than the in Figure 3. The branched trimer ring (above, in the figure)

. i results from the association of a trimer ring (in a chair
reference value for Si(OH)in the gas-phase (of about f - ith . ¢ .
1.62 A%). conformation) with a monomer (in & conformation), arranged

in such a way that a bridging oxygen in the ring forms a H-bond
are almost constant (around 113, but the S-O—Si and Q— with the SI(OH} Ch"?“”- Thi'_s H-bond is weaker (1.91 A). than
Si—0y angles change considerably: 117188.3 and 104.4- the three H-bonds in the ring (O- -H 1.85-2.20 A), which
113.7) in the branched tetramer. The-SD—Si angles might are distorted slightly by the influence of the lateral chain.
be about 16-15 degrees too small, taking into account the  The condensation energy 6.0 kcal mottis 4.4 kcal moft
results with different basis sets obtained for the dimer and lower than for the three-silicon ring, and although it is relatively
experimental evidence on vitreous sili¢a. small because of the ring strain, it is sufficiently negative to
3.2. Branched Rings: One-Silicon Branched Trimer and justify the significant concentration of this cluster usually found
Tetramer Rings. In this section we analyze the simplest in sol—gel solutionst1®As in other clusters with a trimer ring,

For all three clusters, the relatively harg-€5i—0y, angles
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Si 4571-4856
Oy 2609-2628
0, 2212-2905
H 1042-1957

Si0 1.63-1.68
S5it0; 1.62-1.66
OH 0.98-1.01
O-H 1.76-2.04

S5i0Si 119.8-122.8
0,Si0p 110.5-113.9
0;5i0; 107.2-111.2
SiOH 110.9-113.2

Si 4541-4956
O, 2583-2795
O, 2184-3043
H 0918-1972

Si0, 1.62-1.65
$i0, 1.61-1.67
OH 0.98-1.02
O-H 1.57-1.73

Si0St 124.0-147.0
0,510y 105.7-109.7
0510, 106.6-111.8
SiOH 108.9-124.8

5% 4579-4890
Op 2559-2734
O; 2120-2930
H 0958-1916

Si0p 1.62-1.66
5i0; 1.61-1.67
OH 0.98-1.02
0O-H 1.60-1.68

§i057 130.4-159.2
0,510, 105.8-116.1
0:510; 106.6-112.4
SiOH 110.0-117.7

Figure 2. Bond lengths (&), bond angles (degrees), and Hirshfeld atomic charges (0. and minus signal in O charges are omitted) for noncyclic
five-silicon clusters, optimized at the DF-BHL/DNP level of approximation. Total enefy: —2645.8975 Ha(Qg Qf), E = —2645.8921 Ha
(@ Q@ Q) andE = —2645.8790 Ha®; Q3). Dipole moment:u = 3.23 D Q2Q?), u = 3.75 D @3 @ Q%) andu = 0.23 D @} Q).

the electric dipole is relatively high (1.93 A), an effect probably ~ 3.2.3 Structuresln the branched three-silicon ring, the-Si
enhanced by the separation between the ring and the chain. Op bond lengths in the ring (1.651.67 A) and the S+O, OH
3.2.2. Branched Tetramer Ringhe branched tetramer ring  bond lengths in the chain (1.63.64 and 0.98 A) are very close
(see Figure 3, below) is formed by associating a tetramer ring to the corresponding values in the trimer ring and in the
(in a crown conformation) with af, monomer, thus preserving monomer. The transition between the ring and the lateral chain
most of the features of these clusters. The lateral chain adds ds characterized by the additional hydrogen bond, which
further hydrogen bond (O- - 1.96 A) to the four hydrogen  introduces a second link between the ring and the chain, this
bonds in the ring (O--H= 1.62-1.65 A), considerably  way increasing considerably the rigidity of the cluster. TheSi
increasing the rigidity of the cluster, because the lateral chain bond linking the ring and the chain is much shorter (1.61 A)
can no longer rotate. than the others in the ring (1.64..67 A) or in the chain (1.63
The condensation energy for this cluster1.0 kcal mot? 1.67 A). In the four-silicon ring, the SiO bond length is much
is 5.3 kcal mot?! lower than for the four-silicon ring and is  smaller (1.62 A) than the corresponding values in open chains
considerably negative, because of the five- Honds. When (1.64 A).
corrected for the four overestimated H-bonds, the energy is As in the monomer, the ©Si—0O; angle in the branched
estimated as—17.8 kcal mof?, which is probably more trimer ring has two different values in the cham09.2 (2x)
reasonable. and 115.2 (perpendicular to the main chain)), whereas it is
The dipole moment for the branched tetramer ring (1.88 D) essentially constant in the ring (113:614.3). The Si-O—Si
is much higher than in the four-silicon ring (0.65 D), which angle in the branched tetramer ring is almost constant and
seems to confirm that a lateral chain in a ring tends to increasechanges even less than the much harder -0y, angle
substantially the charge separation. because of the high symmetry of the ring.
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Si 4617-4861 Si0p 1.61-1.67 Si0Si 115.2-123.2
Oy 2465-2701 S5i0; 1.62-1.66 0pSi0p 106.7-111.0
O, 2376-2913 OH 0.98-1.01 0:5i10; 113.5-115.2
H 1224-1900 O-H 1.85-2.20 SiOH 106.5-114.7

Si 4601-4892 Si0, 1.61-1.66 Si0S5i 124.7-126.6
Op 2417-2664 S50, 1.62-1.66 0pS:0p 109.1-112.5
O; 2353-2898 OH 0.98-1.03 0:510; 108.6-115.9
H 1078-1869 O-H 1.62-1.65 SiOH 106.2-115.1

Figure 3. Bond lengths (A), bond angles (degrees), and Hirshfeld atomic charges (0. and minus signal in O charges are orﬁ)ﬁth)Q{)r
and Q5 Q3 Q;, optimized at the DF-BHL/DNP level of approximation. Total energy=E-2055.9436 Ha@3 Q? Q}) andE = —2569.9670 Ha
(2 Q Q). Dipole moment:x = 1.93 D Q3 Q3 QY) andu = 1.88 D Q3 Q% Q).

In both clusters, the SiOH angle is much larger in the free 3.3.2. Trans-Branched Trimer Ringn the trans-branched
OH groups £111-115) than in the OH groups involved in  trimer ring (see Figure 4, below right), two lateral chains with
hydrogen bondsx107—-111°). one silicon each, are attached to different silicons, on different
3.3. Branched Rings: Two-Silicon Branched Trimer sides of the ring. There are three hydrogen bonds in this cluster

Rings. We now analyze the four trimer rings containing two (O—H = 1.85-1.97 and 1.78 A); the last one is apparently
silicon atoms in lateral chains. These clusters have similar strong. However, the differences between the various hydroxyl
energies and structural features and should be slightly moregroups are smaller than in previous clusters. Furthermore, the
stable than the trimer ring. Si—O—H angles are almost equal for terminal and H-bond
3.3.1. Single Branched Trimer Ringhe structures and charge  forming OH groups (111:6113.9 and 110.6-112.%4).
distributions of the trimer rings, with two silicon atoms in lateral The condensation energy for this clusterlQ.5 kcal mot™?)
chains, are presented in Figure 4. The trimer ring with a single is only 0.5 kcal mot?! higher than in the previous cluster, but
two-silicon chain (above right, in the Figure) is formed by the difference increases after correcting the energy {t@ kcal
associating the ring (in the chair conformation) with a dimer mol™1), to take into account one possibly overestimated H-bond.
(in the C, conformation), arranged to allow the formation of The dipole moment is also much larger in this cluster (2.52 D),
three hydrogen bonds (two in the lateral chain and one betweenthan in the previous one, apparently because of charge separation
the chain and the ring), increasing considerably the rigidity of effected by the two chains on different sides of the ring.
the cluster. The corresponding-® distances are reasonable 3.3.3. Cis-Branched Trimer Ring@.he cis-branched trimer
(1.94-2.02 A) and consequently the calculated condensation ring (see Figure 4, below left) differs from the previous cluster
energy 11.0 kcal mot?) is probably accurate enough not to  because the two lateral chains are on the same side of the ring,
need any correction. The dipole moment is relatively small in forming three strong H-bonds ¢€H = 1.86-1.90 A) and a
this cluster (1.78 D, only 0.1 D larger than in the three-silicon fourth one that is very weak (6H = 2.74 A).
ring), which is surprising, because the lateral chain extends the The condensation energy for this-branched cluster{11.0
cluster size considerably (to 11.46 A). kcal mol1) is almost identical with the energy calculated for
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SiOH 111.4-118.1
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0,5i0; 106.9-111.5
0:Si0; 109.7-114.4
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Si 4611-4861
Oy 2601-2695
O, 2246-2964
H 1129-1956

57 4573-4781
Oy 2493-2678
O, 2337-2914
H 1229-1871

510y 1.61-1.66
510, 1.63-1.65
OH 0.98-1.00
O-H 1.78-1.97

St0Si 116.0-124.2
0pSt0p 105.5-114.1
0,:5:10, 108.4-110.3
SiOH 107.8-113.7

Si0O, 1.62-1.66
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Si0S1 115.5-130.1
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Figure 4. Bond lengths (A), bond angles (degrees), and Hirshfeld atomic charges (0. and minus signal in O charges are o@%@@ﬁﬁ@i,
Q%01Q%, Q3QiQ%c and Q2QIQ%, optimized at the DF-BHL/DNP level of approximation. Total ener@y= —2569.9351 Ha@2 Q3 Q2 Q}), E =
—2569.9356 Ha@3 Q3 Q7), E = —2569.9351 Ha@: Q} Q%) andE = —2569.9343 Ha@: Q) Q2). Dipole moment:u = 1.78 D Q2 Q2 Q2 Q)),
u=206DQ;Q Q) u=128D QQQic)andu =252 D Q5 Q; Q).

the trans-branched cluster and matches exactly the energy The condensation energy-11.3 kcamot?) is calculated as
obtained for the trimer ring with a two-silicon chain, suggesting or slightly more negative than in the three previous clusters,
that, regarding energetics, the structural differences betweenwhich is surprising, because only two hydrogen bonds exist in
these clusters are not relevant. Trans-cluster is 3.8 kcal moftt this conformation compared with three in the previous clusters.
less stable after correcting its overestimated H-bonds, but it is The dipole moment (2.06 D) is in the range of those of the
not clear whether the correction is accurate in this case. other three clusters.

The electric dipole is relatively small in this cluster (1.28 3.3.5. StructuresFor all these clusters, the -SD, bond
D), essentially because the relative disposition of the two chains, linking the chain with the ring is strong: 1.63 A in the single-
opposite each other on each side of the ring, increasesbranched ring, 1.6121.64 A in thetrans-branched ring, 1.62
considerably the symmetry of the whole cluster. 1.64 A in thecis-branched ring and 1.61 A in the double-

3.3.4. Double-Branched Trimer Ringp the double-branched  branched ring. In compensation, the next-6} bond in the
trimer ring (see Figure 4, above left), two lateral chains are chain is much weaker: 1.66..67 A in the trans and
attached to the same silicon atom in the ring, forming two cis-branched rings and 1.66 A in the double-branched ring.
hydrogen bonds (O--H= 1.66 and 1.96 A), the first one  These bonds are even longer than in the ring: 41586 A for
probably being overestimated. the single-branched ring, 1.64.66 A for thetrans-branched
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Figure 5. Bond lengths (A), bond angles (degrees), and Hirshfeld atomic charges (0. and minus signal in O charges are omitted) for

Si 4643-4825
Oy 2579-2790
O, 2275-2934
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Si0p 1.63-1.66
5:0; 1.62-1.66
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Q3 Q% QR Q¥ QP Qr, and Q5 Qf Q2 QL optimized at the DF-BHL/DNP level of approximation. Total enerdy:= —1980.0136 Ha@: Q3), E =
—2494.0106 Ha®: Q° Q? Q1) andE = —2494.0076 Ha®? Q! Q® Q}). Dipole moment:u = 2.82 D Q3 Q3), = 2.51 D Q3 Q3 Q% Q) andu =

3.36 D Q1 Q; Q).
ring, 1.64-1.67 A for thecis-branched ring, and 1.641.65 A

chain and 122.8126.8 in the ring for the double-branched

for the double-branched ring. This trend was already observedcluster. For all clusters, the SO—H angles are similar in

for the one-silicon branched trimer ring.

The other SO and OH bond lengths follow the trends
observed in previous clusters: 1:68.64 A and 0.980.99 A
for unconstrained OH groups, 1.6%.67 A and 0.980.99 A
for OH donor groups, and 1.621.64 A and 0.99-1.01 A for
acceptors.

The range of variation of the SIO—Si bond angle is different
in the four clusters. In the single-branched ring, the G+Si
angle is almost constant in the ringg121°), changing slightly
more in the chain (117-5123.7). In the trans-branched ring,
the SO—Si angles are almost equal in the chains (126.1
130.2) but change considerably in the ring (11587.8)
owing to the distortions caused by the lateral chains. Ircite
branched and double-branched clusters, theC5tSi angles
are similar: 116.6124.2 in the chain and 119:2123.8 in
the ring for thecis-branched cluster, plus 125:433.0 in the

terminal hydroxyl groups and in the OH groups forming
hydrogen bonds (roughly 13114°).

3.4. Double Rings: Double Trimer Rings.The double rings,
with two intramolecular condensations, are the most strained
clusters studied in this work. In this section we analyze briefly
the double trimer rings sharing a common edge. In experimental
work these clusters are usually not observed.

3.4.1. Double Trimer Ringrhe structure and charge distribu-
tion for the clusters with two trimer rings bonded by an edge
are presented in Figure 5. The four-silicon double ring (above,
in the Figure), which is never found in segel solutions810
is the least stable cluster discussed in this work. This is due to
the substantial ring strain of the two rings (both with chair
conformations), which is increased by the additional constraint
of sharing a common SiO—Si edge. Furthermore, only a single
hydrogen bond can be formed, at a reasonable distance of 2.0
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A, because the two rings force the remaining hydroxyl groups  For all three clusters, the-SOH angles are similar in terminal
to be too far apart to interact with each other. OH groups (111.#114.6) and when constrained by hydrogen
The condensation energy for this cluster consequently is bonds (109.+113.8). The constrained £-Si—0y and terminal
positive and relatively high+6.4 kcal mot?), making its Oi—Si—0Ox angles are close to the tetrahedral value.
formation very improbable, in agreement with experimental  3.5. Double Rings: Corner-Bonded Double Trimer Ring,
evidence. The dipole moment is quite large (2.82 D), a feature Trimer —Tetramer Rings. The trimer-trimer double ring with
already observed for the trimer ring. the two rings bonded by a single silicon is discussed here,
3.4.2. Inner Branched Double Trimer Ringhe inner together with the two tetramer-trimer rings. Although relatively
branched double trimer ring (see Figure 5, below left) results strained, both tetrametrimer rings have been found in
from the association of the four-silicon double ring with a experimental work and our calculations also suggest that both
monomer, in such a way that one silicon is bonded to four clusters should be relatively stable.
bridging oxygens. Both rings have chair conformations, very  3.5.1. Corner-Bonded Double Trimer Rinthe structure and
similar to the four-silicon double ring, but more flat than in the charge distribution of the corner-bonded double trimer ring, and
three-silicon ring. of the trimer-tetramer double rings, are shown in Figure 6. In
There are two hydrogen bonds in this cluster, one between the corner-bonded double trimer ring (right, in the figure), two
OH groups in different rings (O- -H= 2.02 A) and another  three-silicon rings are attached to each other by a single silicon
between a bridging oxygen and a OH group in the lateral chain atom, instead of an SiO—Si edge, as in the three clusters
(O- -H = 1.72 A); the latter appears to be overestimated. The discussed previously. The conformation proposed here is
small condensation energy for this clustei(2 kcal mot?) is particularly favorable because it takes advantage of the chair
again caused by the ring strain, and in fact should be more conformation of both rings to allow the formation of four
positive, because of the overestimated hydrogen-bond. Thehydrogen bonds (O- -k 1.72 A, 1.86-1.88 and 2.60 A), that
corrected condensation energy+eB.1 kcal mot®is reasonable, ~ Will considerably stabilize this cluster.
although perhaps slightly too high when compared with the  The condensation energy ef1.6 kcal mot! is reasonable,
value obtained for the four-silicon double ring-6.4 kcal although it could be expected that this cluster would be
mol~1), without the lateral chain and a single hydrogen bond. significantly more stable than the two discussed previously,
The dipole moment increases with the addition of the lateral because of the four hydrogen bonds and because the single
chain, changing from 2.82 D in the double ring to 3.36 D in corner attachement instead of the shared edge between the two
this branched double ring, perhaps as a result of the separatiorrings should decrease the strain. The corrected energy is already
of the ring from the chain. positive, +1.7 kcal mof™. The dipole moment is particularly
3.4.3. Outer Branched Double Trimer Rind@he outer high in this cluster, 3.84 D, but the accuracy of the calculation
branched double trimer ring (see Figure 5, below right) differs is again questionable and it would be useful to recalculate it
from that discussed above because the monomer is attached t@vith a better level of approximation.
a silicon atom belonging to a single ring, forming a system with  3.5.2. Edge-Bonded TrimeiTetramer Double Ringln the
two hydrogen bonds, with O- -H distances calculated as 1.94 edge-bonded trimertetramer double ring (see Figure 6, below
and 1.75 A, the latter apparently being too short. left), a four-silicon ring and a three-silicon ring share a common
The condensation energy 2.1 kcal mot?) is slightly lower Si—O~—Si chain, where a hydroxyl group in the three-silicon
than for the previous cluster-0.2 kcal mot?), which is as  ring forms two hydrogen bonds with OH groups in the four-
expected, because all silicon atoms are attached to three bridgingilicon ring, increasing even more the rigidity of the cluster.
oxygens at the maximum, whereas in the previous cluster a The three-silicon and four-silicon rings keep the usual chair and
silicon atom was bonded to four bridging oxygens, thereby crown conformations, but the two hydrogen bonds are too short
increasing the cluster strain. The corrected condensation energyat 1.62-1.63 A.
(+1.2 kcal mof?) is reasonable, given the strain accumulated  The condensation energy obtained for this cluster; ©8.6
in the double ring. The electric dipole moment is considerably kcal mol™, is probably too negative, even considering that this
smaller in this cluster (2.51 D) than in that discussed previously cluster is found widely in experimental sefel solutions. The
(3.36 D), which is surprising, considering that it is significantly corrected condensation energyy.0 kcal mot?, is a more
longer (10.4 A, compared to 8.7 A in the previous cluster).  acceptable value for a strained double ring structure. The electric
3.4.4. Structuresin the four-silicon double ring, the SIO dipole moment obtained for this cluster, of 2.54 D, is reasonable,
bond length changes considerably in the constrained ringssuggesting that the highly symmetrical charge distribution
(1.63-1.66 A), but is quite short in terminal groups (only 1-62 present in the four-silicon ring, whose dipole is only 0.65 D, is
1.63 A), increasing, as expected, for groups forming hydrogen not entirely destroyed by the formation of the second ring.
bonds (1.65 A), as the OH bond length (0-9900). Because 3.5.3. Corner-Bonded TrimefTetramer Double RingThe

of the symmetry of the trimertrimer framework, the StO— corner-bonded trimertetramer double ring (see Figure 6, above
Si angles are all relatively similar, for the three clusterdZ2— left) differs from the cluster discussed above, because the
127), except the StO—Si angle in the edge common to both fragment containing the fifth silicon atom is bonded to two
rings, which is much smaller, but again almost constaaii(3’). opposite corners of the four-silicon ring, instead of two adjacent

In the second cluster, the SO distances in the rings are  ones, as in the cluster before. Owing to this different construc-
relatively large (1.641.68 A) because of the ring strain, but tion, the crown configuration of the tetramer ring is distorted,
the first Si-O bond in the lateral chain is very strong: -5 although two hydrogen bonds are still formed (O-=HL.81~
= 1.61 A. This bonding effect corroborates the observations 1.82 A).
made previously for all the trimer branched rings. The-Si The corresponding total condensation enerenB8.6 kcal
bond lengths in the third cluster also change considerably but mol~1) is considerably lower than for the edge-bonded cluster
are slightly shorter (1.631.66 A) than in the previous cluster, before, because forming the additional chain over the four-
confirming the smaller ring strain and higher stability of the silicon ring is energetically less favorable than forming a lateral
third cluster over the second. three-silicon ring. When corrected in the usual way, the energy
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O-H 1.81-1.82

S108t 126.6-140.9
0,810 106.6-117.6
0,5i0; 108.0-114.3
Si0OH 111.5-120.1
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St 4691-4860
Oy 2502-2732
O, 2402-2856
H 0997-1919

5i0, 1.62-1.67
Si0; 1.62-1.66
OH 0.98-1.01
O-H 1.72-1.88

Si 4615-4869
Oy 2644-2737
0, 2451-2990
H 0945-1955

Si0Si 114.7-122.8
0,510, 105.4-109.2
0;5:0; 111.0-115.3
SiOH 105.2-115.6

Si0p 1.63-1.65
S5i0; 1.62-1.67
OH 0.98-1.02
O-H 1.63-1.64

51081 125.9-148.2
0510, 106.0-130.4
0.;510; 104.5-112.8
SiOH 111.5-115.1

Figure 6. Bond lengths (A), bond angles (degrees), and Hirshfeld atomic charges (0. and minus signal in O charges are on@i@ﬁ for
Q3 Q3 Q%e andQ2Q3Q%c, optimized at the DF-BHL/DNP level of approximation. Total ener@y= —2494.0098 Ha@2 Q}), E = —2494.0289 Ha
(2 Q3 Q%) andE = —2494.0209 Ha®2 Q3 Q%). Dipole moment:u = 3.84 D Q2 Q3), u = 2.54 D Q% Q3 Q%) andu = 5.99 D Q3 Q3 Q%).

is estimated as-2.0 kcal mot?, which appears to be too positive  strained cluster, where the central silicon atom (bonded to four
when compared with the double trimer rings, which have almost bridging oxygens) has a different environment from the other
the same energy and are observed much less in experimentafour (bonded to only two bridging oxygens). Thg-€5i—0y
work. angle is~5° larger than the @-Si—0O; angle.

The strangest feature of this cluster, however, is its extremely  In the edge-bonded tetramerimer ring, because the hy-
high dipole moment (5.99 D), which is very difficult to explain. drogen bonds are so strong, the-8i and OH distances in
There may be a lower energy conformation, which would also hydroxyl groups have a significant range of variation: 162
explain the apparently low stability of this cluster. However, 1.67 A and 0.981.02 A, respectively. The OH length in the
because this is a highly constrained cluster, there are few degreescceptors (1.02 A) and the-SO length in the donors (1.67 A)
of freedom and major improvements to the proposed conforma- appears to be too long, whereas the-Qi distance in the
tion are unlikely. acceptors (1.62 A) is probably too short, resulting from the LDA

3.5.4. Structuredn the corner-bonded, trimetrimer cluster, level of approximation. The bridging SO, bond length also
the Si-O bond lengths change considerably in the double ring changes considerably (1.62.65 A) because of the three
framework (1.62-1.67 A), essentially because the different different silicon environmentsQf, Q3 and Q?) in the edge-
chemical environment of the central and the outer silicon atoms. bonded cluster.

The Si-O and OH bond distances in the hydroxyl groups are  In the corner-bonded tetrametrimer ring, the SO and OH
similar to those in the previous clusters. distances in the hydroxyl groups (1:68.65 A and 0.981.0

The SHO-Si angle has a surprisingly small range of A) change less than in the edge-bonded cluster before. Each

variation (114.7122.8), considering that this is a highly  bridging oxygen forms a shorter bond (16263 A) and a
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St 4629-4893
Op 2504-2786
O: 2061-2824
H 1033-1878

Si0p 1.62-1.66
Si0; 1.62-1.66
OH 0.98-1.02
O-H 1.64-1.84

S:087 116.3-136.1
0S10; 107.2-111.0
0:5:0; 103.9-115.9
Si0OH 106.7-115.0

Si 4816-4886
Oy 2615-2650
O, 2380-2712
H 1064-1841

SiO, 1.64-1.65
SiO; 1.63-1.66
OH 0.98-1.04
O-H 1.56-1.60

§i087 127.1-130.0
0pSi0p 110.5-112.3
0:5:0; 113.0-114.9
SiOH 106.4-115.3

Figure 7. Bond lengths (&), bond angles (degrees), and Hirshfeld atomic charges (0. and minus signal in O charges are omitted) for large rings,
optimized at the DF-BHL/DNP level of approximation. Total energy= —2569.9577 Ha(@é) andE = —3083.9788 Ha@é). Dipole moment:
u=3.39D Q) andu = 0.82 D QD).

hydrogen bonds are present, the-8H angles have larger
values than usual (as large as 920he Q—Si—0y, angles also
change considerably in this cluster (1068L7.6), which is
surprising for such a hard angle.

3.6. Larger Rings: Five- and Six-Silicon Rings.Finally

longer one (1.651.66 A). Thng silicons belonging to both
rings have two short and one long-8), bond lengths, whereas
the otherQé bridging silicons have two long bonds and the
fifth Q7 silicon two short ones.

Because of the ring structure, the-8)—Si angles change
considerably in the corner-bonded tetramiegimer ring, becom- we analyze the larger five- and six-silicon rings. Our results
ing smaller in the four-silicon ring (126-6135.5) than inthe ~ suggest that, in vacuo, the four- and six-silicon rings are
upper chain (see Figure 6) formed by the fifth silicon atom stabilized more by strong hydrogen-bond systems than the five-
(136.3-140.9). In the edge-bonded tetramerimer ring, the  silicon cluster, which lacks the required symmetry.

Si—0O—Si bond angle is larger (148Rin the more relaxed 3.6.1. Fe-Silicon RingThe structure and charge distribution
tetramer ring edge opposite to the trimer ring than in the other for the five- and six-silicon rings are presented in Figure 7. The
cyclic bonds (125.9130.4). five-silicon ring has the S shape conformation usually proposed

In the edge-bonded tetramerimer ring, the Si-O—H angles for ten-carbon rings (see ref 11). The S shape is distorted,
change little (112115°), but in the corner-bonded ring, when however, by four hydrogen bonds present in this conformation
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(O--H = 1.64 A, 1.84, 1.98, and 2.01 A); the first two are TNP); for the linear trimer—18.5 kcal mot! (DF-BHL/DNP)

probably overestimated. and—7.7 kcal mol! (DF-BLYP/DNP); and for the cyclic trimer,
The total condensation energy for the five-silicon ring (above, —1.6 kcal mof!) (DF-BHL/DNP) and+5.5 kcal mot! (DF-
in the Figure) is smaller{25.1 kcal mot?) than for the four- BLYP/DNP). Consequently, the total condensation energies

silicon ring (—25.7 kcal mot?), because the symmetry is much obtained in this work, at the DFBHL/DNP level, for example
smaller, and a cyclic hydrogen-bond system is no longer present.for the linear tetramer-38.2 kcal mot?), the tetramer ring
However, the LDA corrected energy-18.5 kcal mof?) is (—25.7 kcal mot?), the linear pentamer—43.6 kcal mot?),
already lower than the value obtained for the tetramer ring and the six-silicon ring{48.7 kcal mot?), are likely to decrease
(—12.5 kcal mot?). The larger five-silicon ring allows a better ~ considerably when recalculated with nonlocal density (and a
relaxation of the ring strain, although stronger hydrogen bonds better basis set).
may be formed in the four-silicon ring, where the hydroxyl Because the condensation energies calculated for the dimer
groups are closer to each other. The dipole moment in the five- with a double numerical basis setZ.8 kcal mot?) and a triple
silicon ring is quite large (3.39 D), particularly when compared numerical basis set2.2 kcal mot?) are similar, the LDA
with the four-silicon ring (0.65 D), owing to its poor symmetry, energies were corrected to fit the values for the dimer obtained
due to the distortion caused by the hydrogen bonds. with a double instead of a triple basis set, to correct exclusively
3.6.2. Six-Silicon RingThe six-silicon ring (see Figure 7, the nonlocal effects necessary to describe hydrogen bonds
below) has an “extended crown” conformation, with six accurately. However, even the corrected energies are still more
hydroxyl groups forming a cyclic hydrogen bond system, which negative than the DF-BLYP/DNP values, as shown by the linear
greatly stabilizes the cluster. These hydrogen bonds are seriouslytrimer (corrected BHL,—11.9 kcal mot!; BLYP, —7.7 kcal
overestimated, because the O- -H bond lengths (11560 A) mol~Y) and trimer ring (corrected BHL=-1.6 kcal mot; BLYP,

are too short, and the corresponding®bond lengths (1.03 +5.5 kcal moft). This might be due to the chosen criterion of
1.04 A) are too large. Consequently, the total condensation correcting only the hydrogen bonds that were more obviously
energy for the six-silicon ring£48.7 kcal mot?) is likely to overestimated, with ©H distances smaller than 1.85 A. The
be overestimated. The corrected value28.9 kcal mot?) is a corrected energies will be used in almost all the discussion that
much more sensible value. follows.

The dipole moment of the six-silicon ring is much smaller  The total condensation energy, to form a silica cluster from
(0.88 D) than for the three- and five-silicon rings, although the monomer (in the gas phase) depends essentially on its
slightly larger than in the tetramer ring. At the LDA level of  structure (hydrogen bonds, number and type of rings) and size.
approximation, the “chair” conformation of the trimer ring Table 4 shows the calculated (and corrected) condensation
produces a much larger charge separation than the “crown” or energies for all clusters, divided by the number of silicon atoms,
“extended crown” conformations proposed for the four- and six- and by the number of condensation reactions necessary to create
silicon rings. them, which we denote the intrinsic condensation energy.

3.6.3 StructuresThe hydrogen bond distortions in the five- This intrinsic energy is small for the dimerg.8 kcal mot)
silicon ring explain the large bond length variations in bridging ¢ increases considerably for the linear trimer6(0 kcal
(Si—0, = 1.62-1.66 A) and terminal groups (SO = 1.62- mol~2), and then slowly for the linear tetramer7.2 kcal mot?)
1.64 A and OH= 0.98-1.02 A). In the six-silicon ring, the  anq the linear pentamer-7.6 kcal mot). Probably the value
terminal groups in equatorial positions have normal OH Iengths ¢4 the dimer is small because the hydrogen bonds tend to
(0.98 A), but the SO bonds are much stronger (1.63 _A) than  gecrease the O- -H distances and consequently th©SBi
in the hydrogen bond system (1:65.66 A). In the five-silicon angle also, an energetically unfavorable change. It is possible
ring, .the Q—Si—0y, bond angles ghange very little, buttheSi ;5 1o predict a total condensation energy for the six-silicon
O-Si (116.3-136.T) and Q—Si—0 (103.9-115.9) bond linear chain (for example) of approximately89.0 kcal mot?
angles vary considerably, because of the hydrogen bonds. Thg_7 g kcal mot per condensation reaction). This variation is

Si—OH angles are almost constant in terminal OH groups gjmilar for the straight conformations (uncorrected because the
(113.3-115.0), again changing more when constrained by o_ distances are longer than 1.85 A): trimer78 kcal

hydrogen bonds (106:7112.0). mol~1), tetramer 8.9 kcal mot?), and pentamer<8.1 kcal
In the six-silicon ring, the StO—H angles are also smaller mol-1).

in the hydrogen bond system (106.208.F) than in the
terminal OH groups (111:9115.3). The Si—O—Si angles
(127.1-130.0) are relatively similar to those in the four-silicon
ring, although much larger than in the trimer ring.

The intrinsic condensation energies for the rings show also a
predictable evolution: trimer ring<0.5 kcal mof?), tetramer
ring (—3.1 kcal mot?), pentamer ring3.7 kcal mot?), and
six-silicon ring (4.8 kcal mof?l). These energies are less
negative than for the linear chains, becoming more and more
negative as the ring becomes larger and more relaxed. At the
The predicted structural data (bond lengths and bond angles) corrected LDA level of approximation, it is thus possible to
charge distribution (electric dipole moments and Hirshfeld predict a condensation energy for the seven-silicon ring, for
charges), and total condensation energies (calculated andexample, oks —36.4 kcal mof? (corresponding to an intrinsic
corrected energies, divided by the number of condensationenergy per reaction of5.2 kcal mot?). For progressively larger
reactions, and by the number of silicon atoms), for all silica rings, the intrinsic energy should converge to the value for linear
clusters studied in this work, are presented in Tables 1, 2, 3, chains (about-7.8 kcal mot™).
and 4. Linear clusters are more stable than branched ones, although
As discussed in the previous paper, the LDA method tends the differences are small, as the intrinsic condensation energies
to overestimate the condensation energies of the silica clustersshow: linear pentamer<7.6 kcal mot?), branched pentamer
as shown by the total condensation energy for the smallest(—6.8 kcal mofl), and pentamer cross-6.5 kcal mot?). The
clusters: for the dimer-9.4 kcal mot! (DF-BHL/DNP), —2.8 same is calculated for the four-silicon clusters, before the
kcal mol™* (DF-BLYP/DNP), and—2.2 kcal mof! (DF-BLYP/ energies are corrected: the energy of the linear chain is about

4. Discussion
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7.5 kcal mot? lower than the branched one. The order changes, The results presented here show that the stability of the
however, after correcting the energies, because the intrinsicnoncyclic clusters decreases with the degree of branching, as
energies are calculated &3.2 kcal mot™ for the linear tetramer ~ observed experimentally. This trend is observed for both four-
and —8.0 kcal mot? for the branched tetramer. silicon and five-silicon clusters. All branched cyclic clusters
Introducing a lateral chain in a ring decreases the intrinsic have the ring conformation of the corresponding unbranched
condensation energy by about 8.5.0 kcal mof™: branched rings, which occurs despite the hydrogen bonds formed between
trimer ring (—1.5 kcal mot') compared with the trimer ring  the chains and the ring that could force a rearrangement of the
(—0.5 kcal motY); branched tetramer ring-@.6 kcal mot?) cyclic frame. The SO bond which links the ring with the
compared with the tetramer ring<3.1 kcal moft); branched lateral chain is much stronger than the equivalent bonds in the
double trimer rings£0.2 and+-0.5 kcal mott) compared with ring and in the chain.
the double ring€1.3 kcal mot?). The five-silicon clusters with As expected, the double ring clusters are quite unstable,
a trimer ring have essentially the same energy:4 kcal mot? particularly the double trimer rings, corner-linked and edge-
for the ring with twocis chains and—-2.2 kcal moft? for the linked, which have essentially the same energy. The trimer
rings with twotranschains, a two silicon chain, and two chains tetramer rings are easier to form, particularly the edge-linked
attached to the same silicon. The position of the chains in the structure.
trimer ring is therefore not important for the energies of these  The four- and six-silicon rings are more stable than the five-
reactions, but this factor may change for larger rings. For silicon ring because of the relatively asymmetric arrangement
example, the ortho-branched tetramer ring might have a lower of the latter. However, the small trimer ring, despite its internal
energy than its meta isomer, where hydrogen bonds betweenstrain and low stability has a highly symmetric optimized

the two lateral chains are not possible.

The three five-silicon clusters with two trimer rings have also
very similar condensation energies:0.5 kcal mof? for the
edge-bonded double ring with (a‘l‘ silicon; —0.2 kcal mot?
for the edge-bonded double ring with thr€¥ silicons and
+0.3 kcal mot? for the corner-bonded double ring. In this case,

structure.

The information thus acquired with the systematic analysis
of the smallest silica clusters can be used to construct a kinetic
model suitable to describe the first steps of silica growth, as
reported in a later paper. Studies with higher accuracies and
simulating a liquid environment will be reported in future

the condensation energy is almost independent of the kind of Publications.
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